Abstract Accumulating evidence suggests that genderrelated differences are prominent in gastric motility functions in both health and disease. Women are more susceptible to gastroparesis than men. Though the mechanism(s) involved are not fully understood, impairment of the nitrergic system is one of the main factors responsible for the disease. Uncoupling of neuronal nitric oxide synthase (nNOS) causes a decreased synthesis of NO leading to a reduction in smooth muscle relaxation. Tetrahydrobiopterin (BH 4 ) (an essential cofactor for nNOS) is a key regulator of nNOS activity for stomach dysfunction and gastroparesis. In addition, BH 4 has been shown to be a potent antioxidant and anti-inflammatory agent. Well established by results from our laboratory, a diminished intracellular (BH 4 :total biopterin) ratio in diabetic female rats significantly impairs nNOS activity and function. Recent research has been focused on BH 4 biosynthesis and gastroparesis because reduced BH 4 cofactor levels can alter the production of NO by nNOS. Researchers are now paying more attention to the possibility of using BH 4 as a therapeutic strategy in gastroparesis. The purpose of this review is to provide an overview of the regulation and function of nNOS by sex hormones and BH 4 and its potential role in the treatment of gastroparesis.
Introduction
The effect of gender in a healthy population on gastric emptying remains controversial though it appears that women may have a slower solid and liquid emptying [1] [2] [3] [4] . Ambulatory antroduodenal manometry has shown shorter migrating motor complex periods in women compared with men [2] . The mechanisms responsible for these differences are not completely understood and conflicting reports exist in the literature. As an example, in a study of duodenojejunal motility, women in the follicular phase were found to exhibit motor activity similar to that of men [3] . In contrast, Knight et al. [4] demonstrated an attenuated postprandial antral contractile activity in the follicular phase of women compared with men. Postmenopausal women received sex hormone therapy display delayed gastric emptying compared to age-matched men or untreated women. Animal studies have shown that the solid gastric emptying rate is slower in ovary-intact compared to ovariectomized (depletion of ovarian hormones; estrogen and progesterone) female rats [5] . Studies by Chen et al. [5] have demonstrated that progesterone accelerates and a mixture of estradiol-17b (E 2 ) ? progesterone (P 4 ) or E 2 alone inhibits liquid gastric emptying in rats. Data from our laboratory demonstrated that gastric emptying for solids is slower during the estrus cycle while circulatory estrogen levels are elevated (Fig. 1a, b) . Furthermore, Shah et al. [6] demonstrated that E 2 , but not P 4 , may be responsible for increased gastric nNOS expression and nitrergic relaxation. In addition, P 4 treatment decreases the resting tension of fundus and inhibits the mean contractile amplitude of gastric antrum as well as the motility index of pylorus in rats [7] . It is clear that diabetes induction decreases both circulating E 2 and P 4 levels in females [8] . Collectively, the above studies suggest that in general gastric motility is slower (delayed gastric emptying but not gastroparesis) in women compared to men and this was perhaps due to elevated levels of sex steroid hormones and NO. A reduction in sex steroid hormones may downregulate NO-mediated gastric motility and thus leading to delayed gastric emptying/gastroparesis in diabetic women.
Diabetic Gastroparesis
The most common forms of gastroparesis include disease secondary to diabetes or post-surgical complications, and idiopathic [1, 9] . Diabetics are at a high risk of developing gastroparesis. Symptoms of diabetic gastropathy can range from mild dyspepsia, nausea, early or easy satiety, bloating, and weight loss due to recurrent vomiting and abdominal pain. Delayed gastric emptying is often seen in type I diabetics (insulin-dependent), ranging from 27 to 58% of adult cases [9] [10] [11] . Likewise, gastroparesis is present in up to 30% of patients with type 2 diabetes (non-insulin-dependent) [9] [10] [11] . Gastroparesis affects the dietary state and, in diabetics, it also impairs glycemic control; secondary effects on organs can lead to increased mortality [10, 11] . The range of treatments includes dietary modifications and medications to stimulate gastric emptying (combination of prokinetic and antiemetic agents). In severe cases, treatment options include surgery (venting gastrostomy or jejunostomy) and gastric electrical stimulation [11] .
Although gastroparesis is a significant health problem [12] , the pathogenesis of gastric dysfunction and the mechanism for its gender bias are not well understood. Gastric motility requires integration of motor activities of all areas of the stomach and is largely regulated by: (1) excitatory (acetylcholine) and inhibitory (nitric oxide (NO) and vasoactive intestinal peptide) neurotransmitters working directly on smooth muscles, or (2) electrical signals that originate from the interstitial cells of Cajal (ICCs) [13] [14] [15] . Central modulation of enteric neuronal function (both inhibitory and excitatory) through the vagus nerve also plays an important role in gastric physiology and is predominantly cholinergic in character [16] . Nitrergic signaling, the principal nonadrenergic noncholinergic (NANC) inhibitory mechanism in the gastrointestinal tract, plays a critical role in the control of gastric accommodation and pyloric relaxation in response to a meal. In diabetics, enteric neuropathy may be particularly important [17] . Several studies have shown disturbances in enteric nerves, particularly involving nitrergic nerves in diabetes [13, 14, 18, 19] . Impairment in nitrergic relaxation resulting from either neuronal loss or dysfunction may contribute to the gastropathy seen in both streptozotocin (STZ)-induced diabetes as well as in spontaneously diabetic male rats and mice [20] .
nNOS and Gastroparesis
In the absence of effective nitrergic output to muscle, gastric accommodation is impaired, resulting in early satiety and discomfort. Further, a functional obstruction at the gastric outlet due to a non-relaxing pylorus leads to delayed emptying [2, 21, 22] . Diabetic rats and mice show early defects in nitrergic relaxation and nNOS expression before neuronal degeneration in the pyloric sphincter is observed; these effects are reversed by insulin treatment [21, 23] . nNOS activity is a critical signaling node for regulating gastric motor function (reviewed in Vittal et al. [24] ). nNOS catalyzes the formation of NO, which initiates smooth muscle relaxation. nNOS activity in turn is regulated by tetrahydrobiopterin (BH 4 ), which couples electron flow to NO Fig. 1 Effect of gender and hormone dependent changes on solid gastric emptying in female Sprague-Dawley rats. a Groups of female rats were used during proestrus (PE)/estrus (ES) (when circulatory sex hormone levels are elevated) or diestrus (DE) phase of a 4-day estrus cycle (when circulatory sex hormone levels are lower). The solid gastric emptying rate is slower during PE-ES compared to either DE female or male rats. The values are mean ± SE for 4-6 animals. Statistical significance was determined by Tukey test after one-way ANOVA. *P \ 0.05 compared with PE-ES group. b Effects of estradiol-17b (E 2 ) or progesterone (P 4 ) on solid gastric emptying in female rats. After 1 week of ovariectomy (OVX), Sprague-Dawley rats were implanted subcutaneously with a 21-day biodegradable release pellet of either (per kilogram body weight) E 2 (2 mg), P 4 (20 mg) or placebo (OVX). Gastric emptying for solids were assessed 21 days after hormone supplementations. The values are mean ± SE for 4-6 animals. Statistical significance was determined by Tukey test after one-way ANOVA. *P \ 0.05 compared with OVX group Dig Dis Sci (2011) 56:2520-2527 2521
generation. Numerous studies have identified suppression or loss of nNOS activity as a major cause of development of gastroparesis [12, 14] . The importance of NO in gastric function has been established by the findings of pyloric hypertrophy and gastric dilation in mice with a targeted genomic deletion of nNOS (nNOS -/-mice) [25, 26] . Our laboratory previously demonstrated that gastric antrum nitrergic relaxation, nNOS alpha dimerization (but not total nNOS protein expression), and NO levels ( Fig. 2 ) are higher in healthy female rats compared to age-matched males [13] . We showed that diabetes induction significantly impairs all of these parameters including NO levels ( Fig. 2 ) in female but not in male rats [14] . In addition, our data provided evidence for the first time that STZ-induced diabetes (in female but not male rats) affects nitrergic relaxation and decreases nNOS alpha (a) dimerization, which in turn are ultimately associated with delayed gastric emptying [14] . Collectively, these data suggest that NO generating from nNOS is critical for gastric motility and subsequent gastric emptying and a change in this system may lead to gastroparesis in diabetic women.
NO and Smooth Muscle Function
In NANC neurons, NO is synthesized from L-arginine by Nnos [27] and then diffuses to gastrointestinal smooth muscle cells. The downstream effects of NO on gastrointestinal smooth muscle cells includes the activation of soluble guanylate cyclase (sGC), the production of cGMP (cyclic guanosine mono phosphate), and the stimulation of PKG (protein kinase G) which results in smooth muscle relaxation due to a decrease in intracellular calcium concentrations [27] . One of the mechanisms involved in the inactivation of the NO/cGMP/PKG pathway is oxidative stress, which affects NO bioavailability as well as NO's ability to activate sGC [27, 28] . Low BH 4 levels impair the production of NO, and lead to increased superoxide radical production, due to nNOS uncoupling [29] . Our recent studies demonstrate that a diminished intracellular BH 4 :BH 2 ratio is the molecular trigger responsible for NO insufficiency in diabetes [14] . Recently, activators of sGC have been introduced as a new approach for the modulation of NO-cGMP signaling pathways. It has been reported that ICCs express PKG and the sGCs, necessary to activate inhibitory pathways and thus are primary targets for NO released from neurons and other cells in the GI tract [30] . In smooth muscle cells, the NO/cGMP/PKG pathway is also regulated through phosphodiesterases (PDEs), enzymes that catalyze the hydrolysis of 3 0 ,5 0 -cyclic nucleotides to inactive nucleotide 5 0 -monophosphates (Fig. 3 ) [27, 28] . PDE5 is the main PDE involved in cGMP catabolism in smooth muscle [27, 28] . In fact, a PDE5 inhibitor, sildenafil, has been shown to affect the impaired gastric accommodation by increasing postprandial gastric volume in healthy subjects [31] . In addition, these studies report that sildenafil has a minimal effect on solid gastric emptying whereas liquid emptying is delayed significantly suggesting a role for NO down-stream signaling pathway in gastric accommodation [31] . Alternatively, in the central nervous system (CNS), it is now increasingly appreciated that NO bioactivity is often actively transduced via S-nitrosothiol (SNO) signals rather than via activation of guanylyl cyclase (reviewed by Savidge Tor [32] ).
BH 4 and nNOS Activity
NO is synthesized in cells by the family of NOS oxidoreductase enzymes that catalyze the transformation of L-arginine to L-citrulline with the formation of NO [27] . Several co-factors are known to be important for all NOS isoform activities [endothelial (e), neuronal (n), and inducible (i)] including NADPH (requires niacin), flavin adenine dinucleotide (requires riboflavin), calcium and BH 4 [33] .
The catalytic activity of NOS depends on dimerization of two NOS polypeptides. Dimerization results in the creation of high-affinity binding sites for BH 4 and arginine in the oxygenase domain and enables electron transfer between flavin and heme groups [34] . Incubation with saturating concentrations of BH 4 increases blood flow Fig. 2 Effect of diabetes on nitric oxide (NO) levels in male and female Sprague-Dawley rat gastric antrum muscular tissues in vivo. Diabetes was induced with single injection of STZ (55 mg kg -1 body wt ip) as reported previously [48] . Control group was injected with vehicle (9 mmol citrate buffer) only. Twelve weeks after diabetes induction, groups of animals (control vs. diabetes) were euthanized; gastric antrum muscular strips were incubated for 24 h and assayed for NO release in the medium as reported earlier [48] . Gastric antrum NO levels are higher in adult healthy female compared to age matched male rats. In addition, NO levels are reduced only in female but not in male gastric antrum muscular tissues at the onset of diabetes. Values are mean ± SE (n = 4-6). Statistical significance was determined by Tukey test after one-way ANOVA. *P \ 0.05 compared with male diabetic group; # P \ 0.05 compared with male control group which may allow the oxygen-dependent isoform, nNOS, to produce more NO. This is because it induces a substantial conformational change in the homodimeric structure of nNOS, yielding a stabilized nNOS dimer with maximal NO-producing activity [34] .
The activity of calcium-activated nNOS also depends on glutamate N-methyl-D-aspartate (NMDA) receptor channels, a process facilitated by postsynaptic density-95 (PSD-95) scaffolding protein. PSD-95 brings nNOS into the vicinity of calcium influx through NMDA receptors, increasing its activity. In response to an increased intracellular Ca 2? , nNOS interacts with calmodulin (CaM). This Ca 2? -CaM complex, in combination with BH 4 , binds to nNOS and induces its translocation from the plasma membrane into the cytoplasm. Phosphorylation of the nNOS and eNOS isoforms is also important for NOS activity. Studies showed that Ser 1179 of eNOS is phosphorylated by protein kinase Akt, which increases electron flux through the reductase domain and NO production. In contrast, phosphorylation of nNOS at [Ser 847 ] by CaMdependent kinases leads to a decrease in NOS activity. The dephosphorylation of nNOS by calcineurin initiates the production NO. Heat shock protein-90 (Hsp90) is thought to facilitate signal transduction by bringing NOS into close proximity to its upstream activators, Ca 2? /CaM. Hsp90 directly enhances CaM binding and thereby increases nNOS catalytic function. Protein interactions with nitric oxide synthases control the right time, the right place, and the production of the right amount of nitric oxide [34] .
Selective proteolytic degradation of NOS is a mechanism for regulation of the enzyme [35] . The rapid proteolytic degradation by calpain has been suggested as a reason for the absence of nNOS in skeletal muscle sarcolemma in muscular dystrophy patients [35] . Moreover, nNOS is found in ubiquitin conjugates in lactacystin-treated HEK 293 cells or rat brain homogenates [36] , strongly suggesting that the ubiquitin-proteasome pathway regulates the degradation of nNOS in vivo. Studies with the use of reticulocyte lysates and purified NOS indicate that the monomeric form of nNOS is preferentially ubiquitinated [36] .
Clinical Importance of BH 4 Therapy
Selectively augmenting endogenous BH 4 levels by targeting overexpression of GTPCH (GTP cyclohydrolase) in vivo preserves eNOS dimerization and oxidative stress in STZ-induced diabetes mice [37, 38] . The beneficial effects of BH 4 supplementation in reversing impaired endothelium dependent relaxation have also been demonstrated in human patients. BH 4 therapy has been shown to be useful in improving endothelium-dependent relaxation in patients with hypercholesteromia, [39] in venous conduits used for coronary artery bypass graft surgery, [40] in patients with type II diabetes, [41] in normal epicardial arteries [42] and in smokers [43] .
Our studies in rats demonstrate significant gender differences in gastric emptying, gastric antral nitrergic function and nNOS expression and dimerization in both health and disease [13] . Nitrergic relaxation is more pronounced in healthy females accounted for, perhaps, by an increased expression of the active dimeric form of nNOS alpha, accompanied by an increased gastric BH 4 content [14] . On the other hand, our findings for the first time in GI literature demonstrate that chronic hyperglycemia causes a greater reduction in both gastric pyloric BH 4 content and active forms of nNOS in females, leading to a significantly greater impairment of nitrergic relaxation as well as delayed gastric emptying. Supplementation of BH 4 significantly restores delayed gastric emptying by attenuating a reduced nitrergic relaxation, nNOS activity and NO synthesis [14] . These findings may provide a biological explanation for the greater vulnerability of females of developing diabetic gastric dysmotility problems.
Sex Steroids and BH 4
Estrogen treatment elevates both the expression of GTPCH1 and BH 4 levels in rat brain neurons via estrogen receptor-mediated events [44, 45] . In vitro hyperglycemia decreases both BH 4 biosynthesis as well as NO, and estrogen supplementation restores this effect via estrogen receptor alpha (ERa) in bovine aortic endothelial cell cultures [46] . We and others have reported that circulating estrogen levels are higher in female compared to male rats [47] and that diabetes induction decreases circulating estrogen and progesterone and their receptors in various tissues in both women and in female rats [8] . Our findings [48] correlate with those of Shah et al. [6] in which they demonstrated that E 2 , but not P 4 , may be responsible for increased gastric nNOS expression and nitrergic relaxation. In addition, we noticed that estrogen receptor alpha (ERa) mRNA (realtime PCR) and protein expression are elevated in healthy female compared to age-matched male gastric pylorus muscular tissue. Diabetes induction reduced gastric ERa protein expression in female but not in male rats [48] . However, recent studies demonstrated that gastroparesis symptoms in particular nausea and early satiety were elevated in the luteal phase of the menstrual cycle suggesting that endogenous sex hormones may be somewhat harmful rather than beneficial [49] . In addition, these studies further suggest that a variation in the symptoms was not seen in gastroparesis female patients on hormonal contraception [49] . However, the underlying mechanisms for this discrepancies are currently unknown. In general, pregnant women may have symptoms like nausea and vomiting associated with slower gastric motility perhaps due to elevated sex hormonal levels compared to non-pregnant women. Shah et al. [50] studies in pregnant rats concluded that decreased stomach motility (delayed gastric emptying) observed in pregnant women may be mediated by elevated sex steroid hormones and nitric oxide. Studies have shown that hormone therapy delays gastric emptying for solids in postmenopausal women compared to age-matched men or untreated women or premenopausal women [51] . Collectively, the above studies suggest that delayed gastric emptying (not gastroparesis-related delayed gastric emptying) is common in healthy women due to elevated sex hormones and nitric oxide. Despite the above findings, the beneficial role of E 2 treatment on both GTPCH1 expression and eNOS expression in the diabetic vasculature has been well demonstrated. Therefore, we hypothesize that impairment in sex steroid hormones and their receptors by chronic hyperglycemia causes alterations in BH 4 biosynthesis and the NO system causing delayed gastric emptying and/or gastroparesis. We propose that supplementation with sex steroid hormones elevate both BH 4 and NO synthesis and maintain normal gastric emptying in diabetic rodents (Fig. 4) . More in depth investigations are warranted to understand the molecular mechanisms on how sex hormones regulate BH 4 synthesis and nNOS function.
Discussion
Tetrahydrobiopterin deficiency, either by the de novo or salvage pathway, results in impairment of critical NOS enzymes, and impairment of NO generation and gastric motility function. Recently, we reported that dietary supplementation with sepiapterin, a precursor for BH 4 biosynthesis via the salvage pathway, restored impaired nNOS dimerization and nitrergic relaxation as well as delayed gastric emptying [52] . This data together with our other reports suggest that the synthesis of BH 4 by both pathways plays a role in regulating gastric motility functions in female rodents [14, 52] . NO has both a direct and indirect influence on neurotransmission. NO also increases blood flow in stomach and may restore gastric dysmotility. Increases in blood flow may allow the oxygen-dependent isoform, nNOS, to produce more NO and thus normalize impaired gastric motility in both diabetic and idiopathic gastroparesis patients. Recent studies have shown a significant gender difference in idiopathic gastroparesis patients, a finding accompanied by excess weight in those subjects [1] . Hyperlipidemia associated with obesity (overweight) and/or diabetes (obesity independent and/or dependent) may lead to elevated oxidative stress, which impairs the nitrergic system. Grover et al. [53] demonstrated that in addition to defects noticed with ICC, nNOS expression was decreased in more patients with idiopathic gastroparesis (40%) compared to diabetic (20%) gastroparesis. Indeed, recent findings from our laboratory using a low-density lipoprotein receptor knock-model (LDLR-KO; a model for hyperlipidemia and moderate oxidative stress) revealed that hyperlipidemia causes a reduced: (1) BH 4 :BH 2 ? B ratio, (2) NF-E2-related factor 2 level [Nrf2; transcriptional factor that regulates Phase II antioxidant enzymes, including hemoxygenase 1 (HO-1) as well as glutathione biosynthesis enzymes], (3) nNOS dimerization, (4) nitrergic relaxation, and (5) a delayed gastric emptying. Sepiapterin treatment restored all the above [54] . The above data provide a rationale for the use of BH 4 as an antioxidant and to normalize impaired nNOS function in gastroparesis patients. Studies have shown that LDLR-KO mice fed a high fat diet display hyperglycemia, severe hypertriglyceridemia and elevated oxidative stress levels. The molecular mechanisms responsible for decreased nNOS dimerization and/or how BH 4 suppresses LDL-and/or oxidative stress induced gastric dysmotility functions are not currently understood. Loss of ICC and/or reduced nNOS containing neurons associated with oxidative stress in the onset of diabetes may also account for the impairment of stomach motility and delay in gastric emptying [55] . Additional experiments are warranted to address in detail the mechanisms of nNOS regulation as well as the potential role of NO on gastric smooth muscle function in diabetogenic LDLR-KO mice and in other diabetic rodent models.
It also would be of interest to determine if BH 4 deficiency is the leading cause for the development of gastroparesis in subjects and, if so, whether there is also a racial/ethnicity-dependent response. Although the experimental data are encouraging, a clinical trial will hopefully test for this in both idiopathic and diabetic gastroparesis.
Conclusion
Based on available data together with our recent findings, we suggest that the pathogenetic mechanisms of diabetic gastroparesis are common to both men and women; however, women appear to be disproportionately symptomatic because the motility of their stomachs is slower to begin with, perhaps due to elevated levels of circulating female sex hormones and nitric oxide. Sex steroid hormones, in particular estradiol-17b and/or soy isoflavones (estrogenic compounds), regulate eNOS-or nNOS-mediated neuroendocrine and vascular smooth muscle function through NMDA receptor channels, calcium/calmodulin and HSP-90 signaling. Although there is a controversy regarding the overall safety of using hormone therapy to protect against cardiovascular diseases in women, recent studies could not rule out the possibility that other formulations of oral estrogens and progesterones and/or transdermal estradiol with progesterone at physiological doses may provide a improved benefit-risk profile. Most importantly, estradiol-17b has been shown to regulate lipid metabolism as well as suppresses elevated oxidative stress and/or increases antioxidants; therefore, it is postulated that the longevity is greater in women than in men.
Idiopathic gastroparesis is a disorder that primarily affects young women, beginning acutely in 50% of cases; unexpectedly, many of these patients are overweight. The etiological connection of this gender bias is completely unknown. We speculate that changes in sex hormones and/ or their receptors in myenteric neurons may alter gastric motility through a number of mechanisms including nitric Fig. 4 Schematic diagram for proposed mechanism of action in diabetic gastroparesis. Nitric oxide (NO) released in response to nerve stimulation from neuronal nitric oxide synthase (nNOS) causes relaxation of the smooth muscle by activating NO down stream signaling including guanylate cyclase (GC), cyclic guanosine monophosphate (cGMP)/phosphokinase G (PKG) and ion channels. We propose that in healthy females, nitric oxide-mediated normal gastric motility is regulated by increased levels of circulatory sex hormones and their gastric receptors. Diabetes causes a reduction in circulatory sex hormones and their gastric receptors and thus nitrergic-mediated gastric motility is impaired. Supplementation of sex hormones improves nNOS/NO synthesis and function by stimulating GTPCH/ BH4 pathway and thus normalizes gastric motility in female diabetic rodents. In addition, supplementation of sex hormones may also activate (including but not limited to) calcium/CaM and HSP-90 (heat shock protein-90) known to regulate/activate nNOS/NO function Dig Dis Sci (2011) 56:2520-2527 2525 oxide, lipid metabolism and oxidative stress. Therefore, it is important to investigate if these signaling mechanisms are altered with the exposure to oxidative stress and/or hyperlipidemia and, if so, whether sex steroid hormone treatment restores impaired nitrergic-mediated gastric motility functions in both diabetic and non-diabetic gastroparesis models.
